Spectrum syntheses for three elements (Mg, Na, and Eu) in high-resolution integrated light spectra of the Galactic globular clusters 47 Tuc, M3, M13, NGC 7006, and M15 are presented, along with calibration syntheses of the Solar and Arcturus spectra. Iron abundances in the target clusters are also derived from integrated light equivalent width analyses. Line profiles in the spectra of these five globular clusters are well fit after careful consideration of the atomic and molecular spectral features, providing levels of precision that are better than equivalent width analyses of the same integrated light spectra, and that are comparable to the precision in individual stellar analyses. The integrated light abundances from the 5528 and 5711Å Mg I lines, the 6154 and 6160Å Na I lines, and the 6645Å Eu II line fall within the observed ranges from individual stars; however, these integrated light abundances do not always agree with the average literature abundances. Tests with the second parameter clusters M3, M13, and NGC 7006 show that assuming an incorrect horizontal branch morphology is likely to have only a small ( 0.06 dex) effect on these Mg, Na, and Eu abundances. These tests therefore show that integrated light spectrum syntheses can be applied to unresolved globular clusters over a wide range of metallicities and horizontal branch morphologies. Such high precision in integrated light spectrum syntheses is valuable for interpreting the chemical abundances of globular cluster systems around other galaxies.
INTRODUCTION
Detailed chemical abundances from high-resolution spectroscopy of individual stars in globular clusters (GCs) associated with the Milky Way and its nearby satellite galaxies have provided valuable information about stellar evolution and nucleosynthesis (e.g., Gratton et al. 2004) , the chemical evolution of low-and high-mass galaxies (e.g., Tolstoy et al. 2009) , and the assembly history of the Milky Way (e.g., Freeman & Bland-Hawthorn 2002) . In particular, chemical tagging has enabled the identification of potentially accreted stellar streams and GCs (e.g., Cohen 2004 , Sbordone et al. 2005 , Chou et al. 2010 , Sakari et al. 2011 , which shows that hierarchical merging has played an important role in the formation of the Milky Way Galaxy. Observations of extragalactic GC systems suggest that most galaxies have experienced complicated † E-mail: sakaricm@uvic.ca assembly histories that may include a significant component of accretion from dwarf galaxies (see Harris 2000 and Brodie & Strader 2006 for reviews on the observed properties of GC systems). Certain models suggest that most GCs form in small dark matter halos at high redshift, and are accreted by larger galaxies at later times (Bekki et al. 2008; Muratov & Gnedin 2010) . Detailed chemical abundances of extragalactic globular cluster systems, particularly those associated with galaxy types (e.g., massive ellipticals vs. spirals) and environments (e.g., located within galaxy clusters) that are not found in the Local Group, can provide information about the assembly histories of their host galaxies.
Individual stars are too faint for detailed spectral analyses beyond the Local Group. Distant extragalactic GCs, however, appear as bright, point-like sources, and can be observed at much greater distances than individual stars. Therefore, an alternative way to determine the flux-weighted average chemistry of a GC is from an integrated light spectrum (ILS) of the entire population. Informa-tion on the chemical abundance ratios for a system of GCs can then be used to study the chemical evolution and early assembly history of the host galaxy. Integrated light spectroscopy has historically been done at low-to medium-resolution. Lower-resolution ILS analysis methods have been tested and calibrated on Galactic GCs within the last few decades (e.g., Schiavon et al. 2002; Lee & Worthey 2005 )-such methods have proven capable of determining the ages, metallicities, and α-abundances of Galactic GCs. However, detailed abundances (of, e.g., iron-peak or neutron capture elements) require moving to higher resolution. By providing additional elements and higher precision, high resolution observations provide information about, for example, the contributions from different types of supernovae or AGB stars.
The high resolution integrated light abundance analysis program ILABUNDS (presented in McWilliam & Bernstein 2008, hereafter MB08) , has been tested on several Galactic GCs. The majority of ILABUNDS analyses thus far have been equivalent width analyses, which are sufficient for elements with multiple, fairly strong lines since with a large number of lines the error in the mean abundance will be less sensitive to individual measurement errors. Equivalent width techniques have successfully reproduced the literature abundances (from individual stars) of α, iron peak, and neutron capture elements in several Galactic GCs (MB08, Cameron 2009 ) and produced reasonable abundances for inner halo M31 GCs, Large Magellanic Cloud GCs, and GCs associated with other Local Group dwarf galaxies (Colucci et al. 2009 (Colucci et al. , 2011a (Colucci et al. ,b, 2012 . However, many elements do not have enough (or any) strong lines available for an equivalent width analysis. The features in ILS are also often weak and/or blended, which makes an equivalent width analysis particularly difficult. There are many elements with detectable spectral lines in high-resolution spectra, e.g., Cu, Zn, Ba, and Eu, which are valuable for galaxy and GC formation and chemical evolution theories (e.g., Matteucci et al. 1993 , Mishenina et al. 2002 , Travaglio et al. 2004 ) but which are unsuitable for an equivalent width analysis.
With individual stellar analyses, the preferred method for determining abundances of such elements is to synthesize the entire spectral region around the line of interest. This technique is different from an equivalent width analysis, because the line profile, width, and depth are be fit simultaneously, while the effects of nearby lines are taken into account. When a line is too weak or a spectrum is too noisy, upper limits can be obtained with spectrum synthesis, which can still provide valuable constraints. Colucci et al. (2009 Colucci et al. ( , 2012 have synthesized high-resolution ILS to obtain abundances of Na, Mg, Al, Sr, Ba, La, and Eu, among other elements, with random 1σ errors that are typically on the order of 0.15 − 0.3 dex. These errors are quite large given the spectral resolution; lower uncertainties would be more useful for chemical comparisons between clusters or galaxies, or for comparisons with chemical evolution models. Tests on Galactic GCs can better determine the accuracy (through comparisons with literature abundances) and precision (through stringent tests on high S/N spectra) of integrated light spectrum syntheses.
In order to understand and quantify the accuracy and precision of an IL spectrum synthesis method, this paper presents tests on the five Galactic GCs 47 Tuc, M3, M13, NGC 7006, and M15 in four different 10Å regions around the 5528 and 5711Å Mg I lines, the 6154 and 6160Å Na I lines, and the 6645Å Eu II line. These elements have been selected because they are important for galaxy/GC formation theories. In addition, the lines are easily detectable in the majority of the spectra, providing abundances rather than upper limits. Other than the Eu II line, these lines and features also avoid the complications of significant hyperfine structure or isotopic corrections.
The target clusters were selected to cover a range of metallicities and horizontal branch morphologies, as discussed in Section 2.1. Sections 2.2 and 2.3 describe the observations of these nearby targets, and the subsequent data reductions, while Section 3 describes the abundance analysis method used to infer the chemical abundances. The syntheses are finally presented in Section 4, along with detailed discussions of the errors. The important findings of this paper are discussed in Section 5. Finally, the results are summarized in Section 6.
OBSERVATIONS AND DATA REDUCTION

Target Selection
The targets were selected to span a range of metallicities (from [Fe/H] = −0.7 to −2.4) and HB morphologies (from red to very blue), though all appear to be standard Galactic GCs (i.e. old and α-enhanced). In particular, M3/M13/NGC 7006 form a "second parameter" triad, i.e. the three GCs have similar ages and metallicities, yet different HB morphologies. Basic information about the target clusters is provided in Table 1 . Positions and integrated V magnitudes are from Harris (1996; 2010 edition) ; the [Fe/H], [α/Fe] , and age estimates come from isochrone fits by Dotter et al. (2010 Dotter et al. ( , 2011 ; and the horizontal branch (HB) index, (B − R) / (B + V + R), (where B, R, and V are the number of stars blueward, redward, and inside of the instability strip) comes from Mackey & van den Bergh (2005) . In order to minimize the uncertainties that occur when modeling the stellar populations, resolved photometry was utilized to estimate atmospheric parameters for the GC stars (see Section 3.1.1).
Observations
The 47 Tuc spectrum was kindly provided by R. Bernstein & A. McWilliam. It is the same spectrum analyzed in MB08; details on the observations and data reduction can be found there. Additional normalizations with low-order polynomials were performed and the apertures were combined, as described below.
The other spectra were observed with the High Resolution Spectrograph (HRS; Tull 1998) on the Hobby-Eberly Telescope (HET; Ramsey et al. 1998; Shetrone et al. 2007) at McDonald Observatory in Fort Davis, TX in 2011 and 2012. A slit width of 1 ′′ was used, leading to an instrumental spectral resolution of R ≈ 30, 000. Given the velocity dispersions of the targets (see below), a higher spectral resolution is unnecessary. The 600 gr/mm cross disperser was used, with a central wavelength of 6302.9Å. The spectral coverage is therefore ∼ 5320 − 6290Å on the blue chip and ∼ 6360 − 7340Å on the red chip. This wavelength range was chosen for future unresolved targets in order to minimize the effects of improperly modeled HBs, since blue HB stars should contribute less to the integrated light at red wavelengths.
ILS observations of distant, point-like targets are relatively simple. Nearby GCs, however, are much more difficult to observe for integrated light studies, given their large sizes on the sky and the fact that their stars are resolved. It is essential to observe these difficult targets, however, because the ILS methods can be calibrated through comparisons with abundances from individual stars. To overcome these observational difficulties, the ILS of M3, M13, NGC 7006, and M15 were obtained by scanning the HRS fibers (Dotter et al. 2010 . The HB index, (B − R) / (B + V + R), comes from Mackey & van den Bergh (2005) .
across the cluster cores. A number of specific pointings on the cluster were selected, and the fibers were moved to each position. The large 3 ′′ fiber was used in order to maximize spatial coverage on the clusters. HRS provides two additional 3 ′′ fibers located 10 ′′ from the center of the object fiber. In typical observations these extra fibers are intended to serve as sky fibers; however, because of the spatial extent of the Galactic GCs, these sky fibers served as additional object fibers during the observations. Separate sky observations with all three fibers were therefore taken after each GC observation. These pointing patterns are shown in Figure 1 , along with the clusters' core and half-light radii. For M3, M13, and NGC 7006, the entire core of each cluster was observed, though the clusters were too large to observe the entire area within the half-light radius in a reasonable amount of time. Note that M15 was mapped differently than NGC 7006, M3, or M13; its wedge-shaped map represents a slice of the cluster out to the half-light radius, assuming the cluster is spherically symmetric. Any differences in the spectra as a result of the different mappings will be negligible because the input photometry have been selected to reflect the spatial coverage of the ILS (see Section 3.1.1).
The total exposure times and S/N ratios in blue (5500Å) and red (7000Å) regions are shown in Table 2 . Generally, the exposure times were calculated to allow an observation of a single HB star to reach S/N = 70, though NGC 7006 did not receive sufficient time to meet this goal.
Data Reduction
The data reduction was performed in the Image Reduction and Analysis Facility program (IRAF) 1 according to the standard HRS data reduction methods, with several exceptions. A separate bias frame removal was not completed, as the process can add noise to the spectra.
2 To remove cosmic rays the aperture extraction was performed with variance weighting, where IRAF considers the gain and read noise of the CCD and identifies and removes any pixels that deviate significantly from the noise. This variance weighting procedure occasionally affects the shape of the continuum; thus, the shape of the non-weighted extraction was maintained.
Separate sky observations were obtained after all ILS observations. Again, all three fibers (object and sky) were used in each exposure; the spectra from the three fibers were averaged together to remove noise and cosmic rays. Because the sky spectra were still fairly noisy, the spectra were replaced with continuum fits and the emission lines were added back in (using the sky line identifications from the UVES Quality Control sky spectrum website 3 ). The IRAF task skytweak determined the necessary scaling factor between a target object spectrum and its sky spectrum, and the sky spectrum was multiplied by that factor before it was subtracted from the object spectrum. Telluric standards were also observed during each night, allowing separate removal of the telluric absorption lines.
Because ILS may have many undetectable, blended, weak features that can obscure/distort the continuum level, the spectra must be carefully normalized. To remove the blaze function of the spectrograph and the blackbody function of the cluster, an extremely metal-poor (EMP) giant was observed with the same instrumental setup. An EMP star should have very few spectral lines, and finding the continuum should therefore be quite simple. Furthermore, an EMP giant should have a similar effective temperature as the average temperature of the cluster. Information on the observed EMP star, CS29502-092, is given in Table 3 . The EMP star's continuum was fit with the IRAF task continuum, and the target spectra were divided by these continuum fits. Additional low-order polynomial fits were required to fully normalize the target spectra. The normalized GC spectra were then cross-correlated with a reference spectrum (using the IRAF task fxcor) to determine the radial velocity and velocity dispersion. Arcturus was used as the template spectrum for the cross-correlation; this very high resolution (R = 150, 000) spectrum was observed with the Fourier Transform Spectrometer (FTS) on the McMath Telescope (Hinkle 2003) , and was obtained from the Arcturus Atlas.
4 The IRAF task fxcor correlates the target spectra with the Arcturus template spectrum, and identifies the values with the highest correlation; the peak of the correlation occurs at the observed radial velocity of the cluster, and the width determines the velocity dispersion (as discussed below). The heliocentric velocities were measured from each observation, and were averaged together to produce the final, averaged heliocentric velocities (shown in Table 2 ).
Each of the individual reduced and normalized spectra were shifted to the rest frame, using the radial velocity from fxcor. The rest frame spectra were then combined with average sigma-clipping rejection routines. The individual observations were weighted by flux during the averaging. The blue ends of the individual apertures often suffered from lower S/N, especially at blue wavelengths. These noisy regions were removed from the spectrum before the individual apertures were combined. Examples of the final spectra are shown in Figure 2 , along with notable spectral features. References: The position and magnitude are from the SIMBAD database. The stellar temperature is an average from the Stellar Abundances for Galactic Archaeology (SAGA) database (Suda et al. 2008 ). a S/N ratios (per pixel) are measured in IRAF. b The radial velocity was determined in the same way as the GC targets.
After the individual observations were combined, the final spectra were again cross-correlated with Arcturus to determine the cluster velocity dispersions. The width of the cross-correlation peak in fxcor depends on the width of the spectral lines. In individual stars the line width is often dominated by the instrumental broadening, though rotation, microturbulence, etc. can also affect the line width. In an ILS, the velocity dispersion of the target is often the dominant source of broadening. The full-width at half maximum (FWHM) of the cross-correlation peak of an ILS is therefore related to the velocity dispersion, σ, of the cluster, as described by Alpaslan (2009) . Since the instrumental broadening is still significant in the target GCs, 5 the observed velocity dispersion is found by subtracting (in quadrature) the instrumental broadening. The broadening of the target spectrum is taken into account in the calibration curve, though there may be additional sources of broadening that are unaccounted for. Thus, the derived velocity dispersions may be upper limits. This is not crucial for this analysis, since only the total width of the lines is important. These velocity dispersions for the target GCs are reported in Table 2 , and are in good agreement with the literature values. Line blends in the ILS may lead to overestimates of the velocity dispersion; however, this does not seem to be significant for these GCs.
Calibration Spectra
As shown in Section 4, the success of spectrum synthesis relies upon a complete and accurate input line list. To test the accuracy of these input line lists, spectrum syntheses of the Solar and Arcturus spectra have been performed. The Solar spectrum (R = 300, 000; Kurucz 2005) comes from the Kurucz 2005 solar flux atlas.
6 Solar atmospheric parameters of T eff = 5777 K, log g = 4.44 dex, χ = 0.85 km s −1 , and [M/H] = 0.0 were adopted (Yong et al. 2005) . The Arcturus spectrum is the same one used for the crosscorrelation with the target ILS (see Section 2.3). Arcturus atmospheric parameters of T eff = 4300 K, log g = 1.50 dex, χ = 1.56 km s 
DETAILED ABUNDANCES WITH ILABUNDS
The chemical abundances in the target GCs were determined with the program ILABUNDS (MB08). ILABUNDS is a modification of the 1997 version of the local thermodynamic equilibrium (LTE) line analysis and spectrum synthesis code MOOG 7 (Sneden 1973 ). The equivalent width version of ILABUNDS was described and presented in MB08; here, a spectrum synthesis version of IL-ABUNDS (recently developed by A. McWilliam) is employed.
For spectrum syntheses of individual stars, MOOG requires an input model atmosphere and line list. ILABUNDS operates similarly, except that a model atmosphere must be provided for each star in the cluster, and the line list must be fairly complete. The input model atmospheres for ILABUNDS are discussed in Section 7 http://www.as.utexas.edu/˜chris/moog.html 3.1, while the input line list is discussed in Section 3.2. With these inputs, the spectrum synthesis code calculates a synthetic ILS for each population box (Section 3.1.2) and combines the spectra together, weighted by flux. The final synthetic spectrum is broadened by the instrumental broadening and velocity dispersion (see Section 2.3), and is compared to the observed spectrum.
Model Atmospheres
For each star observed in the ILS the atmospheric parameters (effective temperature, T eff ; surface gravity, log g; microturbulence, ξ; and metallicity, [Fe/H]) must be known in order to determine a cluster's integrated light chemical abundances. The stellar temperature, gravity, and microturbulence values are estimated from observed photometry (Section 3.1.1), which is grouped into colormagnitude diagram (CMD) boxes to simplify the process (Section 
Figure 2. The ILS of the five Galactic GCs studied in this work. The 47 Tuc spectrum is from MB08, while the other four are HET spectra. Lines of interest are noted; the lines identified in black are lines that are typically used in standard RGB stellar analyses, while those in purple are used with hotter stars. The differences in line strengths are due to population, composition, and velocity dispersion differences between the five GCs.
3.1.2). The metallicities are found through a standard ILS equivalent width analysis (Section 3.1.3). Once the atmospheric parameters of a CMD box are known, a corresponding model atmosphere (from the Kurucz database; 8 Castelli & Kurucz 2004 ) is then assigned.
Input Photometry
For unresolved targets the atmospheric parameters of the stars in a cluster must be modeled with isochrones, and observational diagnostics must be developed in order to ensure that the population is correctly modeled (see, e.g., Colucci et al. 2009 Colucci et al. , 2011a . With nearby targets, the uncertainties from modeling the stellar populations can be removed with the use of resolved photometry, which provides the color and magnitude of each star in the observed region. These observable quantities are then converted to physical quantities via empirical relations.
For 47 Tuc, the Hubble Space Telescope (HST) B, V data from R. Schiavon (Guhathakurta et al. 1992; Howell et al. 2000) were used to estimate the stellar parameters-more information on this data can be found in MB08. For M3, M13, NGC 7006, and M15, the V , I HST photometry from the ACS Galactic Globular Cluster Survey (e.g. Sarajedini et al. 2007; Anderson et al. 2008; Dotter et al. 2011) provided the estimates for the stellar atmospheric parameters. The (m − M )V and E(B − V ) values from Harris (1996; 2010 edition) , the E(V − I) extinction corrections of McCall (2004) , and the (V − I) color-temperature conversions from Ramírez & Melendez (2005) then provided the temperatures and surface gravities of the stars, as described in MB08. For stars that fell outside the Ramírez & Melendez (2005) calibration space, the atmospheric parameters of the Kurucz models that best matched 8 http://kurucz.harvard.edu/grids.html the observed values were adopted. An empirical relationship between the surface gravity and the microturbulence (also described in MB08) provided values for ξ.
The input photometry does not exactly match the populations observed in the ILS. Although the photometry were selected to only include stars within the maximum radii covered by the HET, the non-circular coverage of the ILS introduces some population differences (particularly for M15; see Figure 1 ). Field star contamination may also affect the input photometry and the observed spectrum. The presence of even one additional bright star can affect the observed ILS and the subsequent analysis (for example, the bright blue star in NGC 7006's CMD). The effects of stochastic sampling of the brightest stars in unresolved targets have been investigated by Colucci et al. (2011a) , who used Monte Carlo sampling to populate their stellar populations. They found, for an old, metal-poor GC, that the maximum difference in [Fe/H] is only ∼ 0.08 dex when randomly repopulating the entire GC. Resolved Galactic GCs with HST photometry provide a unique opportunity to test these results directly. For example, ILS of different scanned areas of the clusters can be compared (e.g., different wedges of M15), or test stars can be artificially added to the input photometry. These latter tests will be discussed in a subsequent paper (Sakari et al., in prep.) , though preliminary syntheses of the lines presented in this paper suggest that field stars are unlikely to have a significant effect on the synthesized abundances. In particular, if the bright blue star in NGC 7006's CMD were a Solar metallicity field star with slow rotation, several sharp features would be present in the observed ILS; however, these sharp features are not observed, and they would have a negligible effect on the final abundances.
CMD Boxes
The process of assigning model atmospheres is simplified by binning the stars together into boxes, based on their position in the CMD. Each CMD box is then assigned a model atmosphere with the average color, magnitude, temperature, etc. of all the stars in the box; the contributions to the total ILS from each box are then weighted by the number of stars in each box.
The CMD boxes for M3, M13, NGC 7006, and M15 are shown in Figure 3 , while Tables 4 through 7 list the characteristics of these population boxes (see MB08 for a figure and list of the 47 Tuc boxes). The stars are boxed in approximately the same way as 47 Tuc, i.e., the number of red giant branch and main sequence boxes is approximately the same, and the coarseness of the boxes increases down the RGB. The number of boxes on the HB differ between the clusters as a result of the different HB morphologies. A forthcoming paper (Sakari et al., in prep.) shows that redefining the boxes has a negligible effect on the output abundances. The approximate evolutionary stages for each box are also shown in Tables 4  through 7 , while the 50% V magnitude light levels are indicated by dashed lines in Figure 3 . This shows that the brightest red giants, asymptotic giant branch stars, and HB stars truly do dominate the V -band flux.
The number of stars drops slightly in the lower main sequence boxes. This may be due to a combination of photometric incompleteness and mass segregation. Increasing the number of stars in the faintest two boxes has an insignificant effect on the abundances, suggesting that this effect can be neglected.
Metallicities
The iron abundances were determined through an integrated light equivalent width (EW) analysis, as described in MB08. The EWs were measured with a modified version of the automated program DAOSPEC 9 (Stetson & Pancino 2008) , as described below. The Fe lines used in the analysis, the atomic data, and the measured EWs (in the Sun, Arcturus, and the target GCs) are shown in Table 8 . These lines are from the ILS line lists in MB08 and Colucci et al. (2009) , with additional RGB lines from Sakari et al. (2011) and Venn et al. (2012) . Note that the lines were restricted to the wavelength region covered by the HET spectra-thus, 47 Tuc has fewer lines than in MB08. Lines stronger than 150 mÅ were not included in the Fe abundance analysis (see McWilliam et al. 1995b) .
3.1.3.1 DAOSPEC and ILS DAOSPEC is intended for high resolution (R > 15000), high SNR (> 30) spectra (Stetson & Pancino 2008) ; to our knowledge, this is its first application to ILS. The program iteratively fits a continuum to the input spectrum, detects the spectral lines in a defined region, and fits Gaussian profiles to the lines, providing their EWs. One major advantage of DAOSPEC over hand-measurements with IRAF's splot is the enforcement of a fixed full-width at half maximum (FWHM) for all lines.
10 In individual stars, the FWHM is often dominated by the instrumental broadening of the spectrograph; in ILS, however, the velocity dispersion often dominates the line FWHM, blending together many of the spectral lines. To ensure that DAOSPEC can detect these features, the program was modified to detect lines that are separated by a least half of a FWHM (rather than the default separation of one FWHM).
The success of DAOSPEC seems highly dependent on the choice of input parameters, at least for ILS. DAOSPEC has the option to determine its own FWHM. However, because ILS contain so many weak and/or blended features, the FWHM was fixed to the input parameter. This input FWHM is the sum (in quadrature) of the broadening from the velocity dispersion, the spectrograph, and the intrinsic broadening of Arcturus (see Section 2.3), and is given in pixels. This FWHM was then allowed to scale with wavelength. Another important input is the order of the polynomial-fit to the continuum. For individual stars, Stetson & Pancino (2008) found that higher-order continuum fits produced the best results. Again, however, ILS suffer from contributions from a variety of stars, severe blends, and line blanketing; high-order fits could therefore remove real features from the spectra, leading to underestimates of the line strengths. As described in Section 2, the HET spectra presented here have been carefully and conservatively normalizedthus the continuum was unchanged from the input. Occasionally valuable lines were mis-measured by DAOSPEC; these lines were remeasured with Gaussian fits in IRAF's splot task.
Previous tests have shown that with the correct input parameters DAOSPEC is capable of reproducing splot-measured EWs (in IRAF) for individual stars (Stetson & Pancino 2008; Sakari et al. 2011) . DAOSPEC is also capable of reproducing splot EWs in the ILS of 47 Tuc. Figure 4a shows that for Fe lines the agreement between DAOSPEC and splot EWs is excellent, with an average offset of only 1.76 mÅ, though the scatter about the average is significant (±9.93 mÅ). This scatter is likely caused by blends in the ILS, which can be difficult to detect by eye. DAOSPEC also reproduces the EWs of MB08, which were measured with the program GETJOB (McWilliam et al. 1995a) . The offset between the datasets remains insignificant (0.37 mÅ, with the DAOSPEC EWs slightly higher), and the scatter is smaller (±6.69 mÅ). Note that MB08 did not combine their apertures; the spectral lines in the overlapping regions were measured twice, and both measurements were included in their analysis. For this EW comparison the two EWs were averaged together for all lines in the overlapping regions. In individual stars, DAOSPEC often underestimates the EWs of the strongest lines (e.g. Sakari et al. 2011 )-thus, the EWs of these lines have been verified or corrected in splot.
DAOSPEC is therefore capable of accurately reproducing the EWs of the lines in the 47 Tuc ILS. Since 47 Tuc has a higher velocity dispersion than most of the targets in this work (except for M15; see Table 2 ), DAOSPEC should also be able to accurately measure the EWs for all the target GCs. However, care must be taken with the strongest lines, to ensure they are properly measured, and attention must be paid to lines in regions with uncertain continuum normalization. (Sarajedini et al. 2007; Anderson et al. 2008; Dotter et al. 2010 Dotter et al. , 2011 . The stars have been selected based on their distances from the cluster center, to reflect the populations sampled by the ILS. Overlaid are the boxes used to assign model atmospheres to the stars. The 50% V-band light levels are shown by the horizontal dashed lines. The brightest stars that lay outside the boxes may be field stars-the possible effects of these field stars will be investigated in a future paper, but are not likely to have significant effect on the syntheses presented here.
Fe abundances
dance, the Cayrel (1988) formula was used to determine the error in the Fe II line's EW, as described in Sakari et al. (2011) . The adopted uncertainty in abundance was then found by rerunning IL-ABUNDS with the new EWs.
As stated earlier, the Arcturus values agree well with Yong et al. (2005) . The GC [Fe/H] values in Table 9 agree quite well with the literature values quoted in Harris (1996; 2010 edition) , which are also shown in 
Hot Stars
Stars hotter than ∼ 8000 K are expected to show chemical abundance variations as a result of radiative levitation which may bring the hottest stars up to Solar composition (e.g. Behr et al. 2000; Behr 2003; Lovisi et al. 2012) . To test this result, syntheses of M13 were completed with Solar composition hot stars. These tests are discussed in more detail in a forthcoming paper; here it is simply noted that these abundance variations have a negligible effect on the syntheses of the lines studied here.
Hot stars have also been observed to have large rotational velocities (up to ∼ 60 km/s; Behr 2003). Syntheses were also performed on M13, assuming all stars hotter than 8000 K have Solar composition and rotational velocities of v sin i = 60 km/s. The effects are again negligible, since the increased broadening weakens The average V and (V − I) colors of each box are shown, along with the average effective temperature, surface gravity, microturbulence, radius, fractional V -band flux, and number of stars assigned to each box. The different evolutionary stages of the boxes are also shown, where RGB stands for Red Giant Branch, SGB for Subgiant Branch, MS for Main Sequence, AGB for Asymptotic Giant Branch, HB for Horizontal Branch, and BS for Blue Stragglers. Note that the 50% light level for M3 is V 1/2 = 15.65, which reaches the middle of the HB. the line strengths in HB stars. The changes in composition and the high rotation of HB stars are therefore ignored in this analysis.
Input Line Lists
To demonstrate the necessity of having a complete, calibrated line list, spectrum syntheses were performed with three different line lists.
Minimal List: This list uses only lines found in standard RGB equivalent width analyses. The ILS-specific line lists from MB08 and Colucci et al. (2009) were supplemented with additional RGB lines (from the line lists assembled in Sakari et al. 2011 and Venn et al. 2012.) VALD List: This list consists of RGB lines from the Vienna Atomic Line Database 11 (VALD; Kupka et al. 2000) . These are lines that VALD has determined would appear (to at least 2%) in a tip of the RGB star at 47 Tuc's metallicity. None of the atomic data were changed from the VALD values.
Final List: The Final Line List consists of lines from the Minimal List, with supplements from VALD for the coolest RGB stars, warmer RGB stars, and hot stars, all at 47 Tuc's metallicity. Lines that should appear in the Solar spectrum were also included. As shown below, the atomic data from VALD are not capable of reproducing the strengths or profiles of all the lines in 11 http://www.astro.uu.se/˜vald/php/vald.php the Solar and Arcturus spectra. Thus, atomic data (i.e. log gf values, damping parameters, and wavelengths) were checked in both the Kurucz 12 and National Institute of Standards and Technology (NIST) 13 databases. These atomic data were then adjusted so that the Solar and Arcturus spectra were accurately reproduced in the syntheses. The Final Line List also contains molecular lines from the Kurucz database, as described in Section 3.2.2.
Hyperfine Structure
Hyperfine structure (HFS) occasionally affects lines in the synthesized spectral regions. The HFS components are not included at this time (except for the case of the Eu II line in Section 4.3) though their presence is noted. All regions with possible HFS components were ignored when determining continuum levels. In the future these components can also be incorporated into the syntheses.
Molecular Lines
As discussed above, spectral lines from several important molecules (e.g., CH, CN, and MgH) are also included in the Final List when the lines were detected in the Arcturus Atlas (Hinkle Table 6 . NGC 7006's CMD Boxes 2003). The MOOG 1997 default values for the molecular equilibrium calculations were employed, with the exception of the MgH dissociation energy, for which the MOOG 2010 value was adopted.
Syntheses of these molecular features require input C and N abundances, and 12 C/ 13 C and 24 Mg: 25 Mg: 26 Mg ratios. For each cluster, "integrated" C and N abundances are derived to best fit the molecular lines-each integrated abundance is adopted for the whole cluster, and star-to-star variations are not considered. The observed isotopic ratios from individual stars can vary significantly, even within a single cluster. The 12 C/ 13 C ratio has been observed to vary from > 50 down to ∼ 4 (Lambert & Ries 1981; Gilroy & Brown 1991; Gratton et al. 2000) . In M 13, NGC 6752, and M 71, Yong et al. (2003 Yong et al. ( , 2006 found 24 Mg: 25 Mg: 26 Mg ratios ranging from 48 : 13 : 39 to 83 : 10 : 7. Figure 5 shows the effects of varying the isotopic ratios, as well as the effects of neglecting all molecular lines, in the regions around the 5528Å Mg I and the 6645Å Eu II line (the regions with molecular lines, according to the Arcturus Atlas). Here 12 C/ 13 C ratios of 4, 9, and 50 are considered, as well as 24 Mg: 25 Mg: 26 Mg ratios of 48 : 13 : 39 and 83 : 10 : 7. In these regions, the isotopic ratios do not significantly affect the continuum levels, or the specific lines that are being synthesized. Hence, different isotopic ratios are not investigated in the ILS syntheses.
It should also be noted that none of the molecular lines have been calibrated to the Solar and Arcturus spectra (i.e. none of the atomic data, etc. were changed from the Kurucz values). Any regions with mismatching/uncertain molecular features (whether from isotopic ratios or atomic data) are identified in the syntheses with the Final Line List.
Damping
Damping (e.g., from pressure broadening) can affect the abundances derived from strong lines. For consistency, damping is included for the strongest lines (in the Arcturus spectrum). The damping is implemented in ILABUNDS in a similar way as the 2010 version of MOOG, i.e. the damping parameters from Barklem et al. (2000) and Barklem & Aspelund-Johansson (2005) were converted to C6 parameters. When damping data were not available from the Barklem sources (or when they did not provide satisfactory fits to the Solar/Arcturus spectra), values from the VALD or Kurucz databases were included.
SPECTRUM SYNTHESIS RESULTS
Any rigorous spectrum synthesis method should yield abundances with random errors that are less than or equal to the standard error from an equivalent width analysis, whether for individual stars or an ILS (though an equivalent width analysis may still be the preferable choice when the line profiles are uncertain, or if the S/N is quite low). An equivalent width analysis of Fe I lines from a R ≈ 30, 000 and S/N ∼ 100 spectrum of an RGB star results in a line to line scatter of ∼ ±0.1 dex (e.g., Sakari et al. 2011 ). Since The 50% light level for M15 is V 1/2 = 15.84, which runs through the red HB stars. Equivalent widths were measured in DAOSPEC; all strong lines were checked and refined in splot. The lines that were not measured in the Solar spectrum were those stronger than EW > 150 mÅ. a Table 8 is published in its entirety in the electronic edition of MNRAS. A portion is shown here for guidance regarding its form and content.
there are many Fe I lines, and each line is considered to be an independent measurement, the average Fe I abundance has a random error of ∼ 0.1/ √ N dex (though systematic uncertainties may be larger, as discussed by McWilliam et al. 1995a) . However, for a single line, this random measurement error in the elemental abundance cannot be determined directly. Therefore ±0.1 dex is adopted as the minimum uncertainty in the abundance of any single spectral line in an R = 30, 000 and S/N = 100 spectrum. Since the GC ILS have these same qualities, the goal of this analysis is to reduce the spectrum synthesis abundance uncertainties to this minimum. Sections 4.1, 4.2, and 4.3 show the integrated light syntheses of Mg, Na, and Eu lines in the ILS of the five Galactic GCs. Each section begins with syntheses of the 47 Tuc ILS, using the three different line lists (see Section 3.2). For each case, the errors due to continuum placement and profile fitting are discussed in detail, and it is shown that neither the Minimal nor VALD Line Lists are sufficient for reducing the errors to a satisfactory level. Each section then presents syntheses on the other Galactic GCs, using only the Final Line List. 
Mg I: The 5528 and 5711Å lines
Magnesium is an important element in any abundance analysis. As an α-element, Mg can trace the chemical contributions from massive stars, particularly Type II supernovae. Additionally, its nucleosynthetic history is simpler than many other elements that form entirely through core burning in massive stars. In GCs, however, Mg has been observed to vary among stars in a single cluster (e.g. Shetrone 1996; Gratton et al. 2004) , which means that an ILS abundance may not reflect the "primordial" α-abundance of the cluster. The effects of star-to-star chemical variations will be investigated more in the future-the current work is limited to a single ILS Mg abundance per cluster.
Mg in 47 Tuc: The Minimal and VALD Line Lists
This section first presents spectrum syntheses of the 47 Tuc ILS Mg I lines using only the lines in the Minimal and VALD Line Lists. This is to show that a complete line list that has been calibrated to the Sun and Arcturus is necessary, and affects the precision of the results. The next section (Section 4.1.2) presents results with the best Final Line List.
5528Å
The 5528Å feature is typically strong in metalrich ([Fe/H] −1.0) stars. In the 47 Tuc spectrum, the equivalent width of this line is ∼ 230 mÅ, making the line too strong for an abundance analysis, since the uncertainties in damping, stellar structure, and NLTE corrections become too large. However, this 5528Å feature is not as strong in the more metal-poor clusters (such as M3, M13, NGC 7006, and M15), and the spectral region must therefore be calibrated. Figure 6 shows syntheses of the 5528Å line in 47 Tuc with the two basic line lists. The top panel shows the syntheses with lines only from the Minimal List, while the middle panel shows the syntheses with the VALD Line List. In addition to the Mg I line, only two other lines are in the Minimal List (an Fe I line at 5522.45 A, and a Sc II line at 5526.82Å). The scarcity of lines makes it very difficult to distinguish weak lines from noise. This leads to large uncertainties in continuum placement, as shown by the large vertical offsets. This uncertainty leads to Mg abundance errors that are ∼ 0.20 dex, which is insufficient for distinguishing between a Mg-enhanced and non-Mg-enhanced cluster.
The VALD line list (which includes more lines) helps significantly with continuum identification. Different continuum shifts are still necessary in order to fit the different features, and it is still difficult to distinguish weak features from noise. In this case, the best-fitting synthesis leads to Mg abundance errors that are ±0.15 dex-this uncertainty is lower than before, but is still large.
5711Å
The only RGB line from the Minimal List that appears in this spectral region is the 5711Å Mg I line itself. Without any additional lines in the region, it is difficult to locate the continuum level in the region, as illustrated by the synthesis of 47 Tuc in Figure 7 . In particular, it is unclear whether the peak blueward of the 5711Å line is the true continuum, noise, an improperly removed cosmic ray, etc. It is also unclear whether the width or depth of the line should be fit. Considering all these factors, the uncertainty in the best-fitting abundance ends up being ±0.25.
As before, the increased number of lines in the VALD Line List helps to isolate the continuum level. However, many of the synthesized lines in the region do not match the observed onessome are stronger, others are weaker, and some are missing altogether. With the VALD lines, the error in the best fitting abundance becomes ±0.17. This level of uncertainty is better, but is still less than expected for a spectrum synthesis on such a high S/N spectrum (∼ 100).
Thus, the Minimal and VALD line lists are insufficient for the ILS syntheses of the regions around these two Mg I lines, primarily because the continuum level cannot be clearly identified. These lists may be missing spectral lines (which are blended together in the ILS)-furthermore, the lines that are in the lists do not all fit the observed lines properly. This suggests that the line lists must be tested and calibrated on well-studied stars, such as the Sun and Arcturus. 
Mg in 47 Tuc: The Final Line List
This section presents syntheses of the Mg I lines in the Solar, Arcturus, and 47 Tuc spectra with the complete, calibrated Final Line Lists. The regions with possible HFS components are highlighted in purple, while the regions with particularly uncertain molecular lines are highlighted with grey, hatched rectangles. These regions (and any with missing lines) were ignored in the final synthesis fits.
5528Å
The syntheses to the 5528Å line are shown in Figures 6 and 8 , while the final abundances are tabulated in Table  10 . The addition of the MgH features in the Final Line List helps improve the continuum identification, particularly for the blended features in 47 Tuc. Despite the strength of the line, the synthesis of the 5528Å feature fits the Solar spectrum quite well (see the top panel of Figure 8 ). The best-fitting value is slightly higher than the Asplund et al. (2009) value, but is likely due to the strength of the line and the uncertain atomic data. The Arcturus abundance agrees well with the average literature value in Table 10.
In the 47 Tuc spectrum, the complete, calibrated line list leads to a synthetic spectrum that is an excellent fit to the observed spectrum, as shown in Figure 8 . This is due to two reasons: first, most of the lines in the region now fit better than before they were calibrated, and second, the best continuum regions are evident in the Solar and Arcturus spectra, and can be used to fit the 47 Tuc continuum. However, the 47 Tuc syntheses indicate a best-fitting [Mg/Fe] ratio that is higher than the MB08 value of [Mg/Fe] = 0.22 Figure 6 . Note that only the best fits are shown, as the differences in the ±1σ syntheses are generally too small to see.
(which was determined from the EW of the 7387Å Mg I line, and which was not calculated differentially). Adjusting the MB08 Solar abundance leads to a higher [Mg/Fe] ratio in 47 Tuc, as shown below.
5711Å
The syntheses of the 5711Å Mg I line are shown in Figures 7 and 9 . These fits show that there are missing lines in the syntheses of this region of the Solar and Arcturus spectra, even with a complete, calibrated line list. Several lines in the region also require HFS components, e.g. the V I and Sc I lines. Despite the missing features, the strong lines are generally matched well in both the individual and 47 Tuc spectra, with the exception of the feature at 5709Å. This feature is a blend of Ti I, Fe I, Ni I, and Ti II features, where the Fe I and Ni II features dominate the line strength. It is unclear why the lines match in the Solar spectrum, but not in the Arcturus or 47 Tuc spectra. Regardless, these features can be disregarded in the analyses.
The derived abundances are again tabulated in Table 10, Taken together, the two Mg I lines provide a total [Mg I/Fe I] = 0.46 ± 0.14 for 47 Tuc. This qualitatively agrees with the literature stellar abundances assembled by Pritzl et al. (2005) , i.e. 47 Tuc is Mg-enhanced, as expected for a Galactic GC at its metallicity, and the ILS value is in good agreement with the literature average. Ultimately, the calibrated Final Line List has reduced uncertainties in the Mg abundance ratios from the Minimal and VALD Lists from ∼ 0.2 and ∼ 0.18 to ∼ 0.14. Thus, spectrum synthesis techniques with the carefully calibrated Final Line List are able to provide improved and precise abundances.
7387Å
To compare the above Mg I integrated light abundances with MB08, the 7387Å line was synthesized in the Solar, Arcturus, and 47 Tuc spectra using the VALD RGB Line List only (Figure 10 ). This region was not calibrated because it falls outside the observed spectral region of the HET clusters, and will not be used in this analysis. Many of the lines in the region do not fit well, precisely because they have not been calibrated. Molecular lines and HFS components were also not included, although the Arcturus Atlas (Hinkle 2003) shows that there are CN lines in the region.
The Solar synthesis in Figure 10 shows that a Solar abundance of log ǫMg = 7.30 ± 0.02 is required to fit the observed feature; this value is significantly lower than the Asplund et al. (2009) Mg abundance. The line profile also cannot be fit perfectly, as there seem to be extra components in the red wing of the Mg I line. The Arcturus synthesis fit is better, but the Mg abundance (log ǫMg = 7.15 ± 0.03) is lower than from the other Mg lines; a differential comparison with the lower Solar abundance leads to a normal [Mg I/Fe I] = 0.50 ± 0.04. This suggests that the atomic data is systematically offset for this line, and illustrates the importance of using differential abundances and of checking all important lines in the Solar and Arcturus spectra.
Syntheses of the 47 Tuc ILS yield log ǫMg = 7.21 ± 0.20, or [Mg I/Fe I] = 0.72 ± 0.20. The large uncertainty in the abundance reflects the uncertainty in the continuum level, the uncertain line profile, and the low S/N at the line center. With the Solar Mg abundance from the 7387Å line, the MB08 value (which comes from an EW analysis of this line) can be recalculated differentially to [Mg I/Fe I] = 0.56-this value now agrees with the 7388Å, 5528Å, and 5711Å syntheses. Thus, the value quoted in MB08 is systematically lower than it should be, as a result of the lower Solar abundance.
Mg in the Other GCs
The Mg I abundances for M3, M13, NGC 7006, and M15, as determined from the Final Line List, are shown in Table 10 and Figures  11 and 12 .
The fits to the Mg I lines are quite good for M3 and M13, but are much more uncertain for NGC 7006 (owing to its lower S/N) and M15 (as a result of its weaker lines). The 5528Å line is easily detectable in all spectra, and there are enough additional lines to help isolate the continuum. The 5711Å region, however, is much more difficult for M15, as is evident in Figure 12 ; this line only provides an upper limit for the Mg abundance in M15. The final derived abundances are shown in Table 10 .
The average Mg I ILS abundance ratios for M3, M13, and NGC 7006 are in excellent agreement with each other. With the exception of M13, all the ILS values are slightly lower than the average literature abundances, especially M15. These differences between the ILS abundances and the "average" literature abundances are due to the known star-to-star Mg variations within the clusters. For example, the M15 Mg abundance quote in Pritzl et al. (2005) is an average of eighteen bright RGB stars observed by Sneden et al. (1997) ; the latter analysis showed that M15 has strong starto-star Mg variations, ranging from −0.4
[Mg/Fe] +0.8, with [Mg/Fe] decreasing for stars higher up the RGB. Since ILS are dominated by the brightest stars, the M15 ILS is most likely dominated by the most Mg-poor giants, which decreases the integrated light Mg abundance. The derived ILS [Mg/Fe] ratio for M15 does fall at the lower end of the observed abundance range. M3 and M13 also show signs of Mg variations Cohen & Melendez 2005) which most likely accounts for their slightly low average [Mg/Fe] abundances in comparison to Milky Way field stars. However, even though these clusters also have star-to-star variations, their abundances do agree with the literature averages. This shows that caution must be taken when comparing ILS abundances to "average" literature abundances from a limited sample of stars, as discussed in Section 5.2. Regardless, these comparisons with the literature abundances do show that spectrum syntheses of the 5528 and 5711Å lines are capable of producing Galactic GC Mg I abundances that fall within the observed ranges from individual stars, provided that the lines are sufficiently strong, and that the S/N is sufficiently high.
Na I 6154/6160Å lines
Sodium has always been an interesting element for GC studies because, like magnesium, it varies strongly between stars in a single cluster. These variations are anticorrelated with O, and indicate abundance changes up the RGB and/or the presence of multiple stellar populations in GCs (e.g. Kraft et al. 1992; Gratton et al. 2004; Carretta et al. 2009 ). The Na/O anticorrelation has been detected in all unambiguous Galactic GCs, and seems to be a common signature of the GC formation process. Thus, Na is another significant element in GC studies.
Sodium lines are known to suffer from strong non-LTE effects. To minimize NLTE effects, Lind et al. (2011) suggest that analyses at Solar metallicity should use the 6154/6160Å doublet, while analyses of more metal-poor stars ([Fe/H] −1.0) should use the 5682/5688Å lines. However, literature results use both sets of lines, often without any NLTE corrections. Here the results for the 6154/6160 doublet are presented for all the GCs. The NLTE effects make it difficult to fit the Solar 5682/5688Å lines (in agreement with, e.g., Baumüeller et al. 1998 ), which prevents a differential analysis from being done. Without a differential analysis the atomic data can lead to systematic offsets between lines. Further calibration work must therefore be done to synthesize the 5682/5688Å doublet in ILS. Mashonkina et al. (2000) also note that for all Na lines the strengths of NLTE corrections depend on the temperature and surface gravity of the stars, in addition to the stellar metallicity, and that Na abundances of giants cannot be accurately determined to within 0.1 dex without NLTE corrections. This could be particularly problematic for ILS, whose spectral lines contain contributions from stars over a wide range of T eff and log g. Despite these concerns, NLTE corrections are neglected in this analysis. However, as NLTE corrections are not generally applied to the comparison literature data, differential comparisons should be reasonably robust. Figure 13 shows spectrum syntheses of the 6154/6160Å doublet in 47 Tuc, using the Minimal and VALD Lists. The synthesis with the Minimal Line List (the top synthesis in Figure 13 ) only has a few strong lines available for continuum identification. Furthermore, the features are strongly blended in the 47 Tuc spectrum, and there are few obvious continuum locations. With only these strong lines, the errors in the best-fitting abundances are ±0.30 and ±0.13 for 6154 and 6160Å, respectively. The VALD lines (the middle spectrum in Figure 13 ) help slightly, bringing the abundance errors to ±0.25 and ±0.12, respectively.
Na in 47 Tuc: The Minimal and VALD Line Lists
With so many strong lines and blends in the region, it is easy to see how fitting becomes very difficult in ILS. In particular, it is difficult to isolate continuum regions and to know which regions should match the synthetic spectra, and which could be different as a result of improper atomic data, missing atomic or molecular lines, or HFS. Without Solar and Arcturus calibrations to identify the best areas for continuum fitting, such a region is quite difficult to fit in ILS.
Na in 47 Tuc: The Final Line List
Figures 13 and 14 show syntheses of the 6154 and 6160Å Na I lines in the Solar, Arcturus, and 47 Tuc spectra with the Final Line List. HFS contamination seems to be minimal in this region. The Solar and Arcturus syntheses show that there are clearly lines missing from the line list, though they are mostly weak. The Solar and Arcturus spectra also show that the syntheses cannot perfectly reproduce the shape of the 6154Å Na I line-there seems to be a missing component slightly redward of the line center. Thus, the syntheses to the 47 Tuc spectrum focused primarily on fitting the depth of the line rather than the width.
The best fit abundances to the 6154/6160Å Na I lines are shown in Table 10 . The Solar values are in reasonable agreement with the Asplund et al. (2009) value. The Arcturus value is also in excellent agreement with the average literature value, after shifting to a common [Fe/H]. The 47 Tuc value is in agreement with the MB08 value, which was derived from the same lines. The integrated light abundance also agrees well with the average literature abundance in Table 10 . As a Galactic GC, 47 Tuc is one of the many Galactic GCs that have shown star-to-star variations in Na, as mentioned earlier (e.g. Carretta et al. 2009 ). However, in this case the Na abundance is not overly high, suggesting that the integrated light is not dominated by Na-enhanced stars.
For the 6154Å sodium line, the Final Line List has reduced the errors from 0.30 (from the Minimal Line List) and 0.25 (from the VALD Line List) to 0.15. In the case of the 6160Å line the improvements are similarly excellent, with decreases from 0.13 and 0.13 to 0.07. Again, the Final Line List provides a significant improvement to the precision of the derived ILS abundances. 7.75 ± 0.05 0.55 ± 0.18 0.39 ± 0.13 0.12 ± 0.11 0.13 ± 0.11 0.10 ± 0.14 −0.15 ± 0.21 Mg 5711Å
7.58 ± 0.04 0.59 ± 0.06 0.44 ± 0.14 0.20 ± 0.07 0.14 ± 0.08 0.13 ± 0.20 < 0.55 Mg Total − 0.57 ± 0.13 0.42 ± 0.14 0.16 ± 0.11 0.14 ± 0.10 0.12 ± 0.17 - 
Na in the Other GCs
The Na 6154/6160Å syntheses on M3, M13, NGC 7006, and M15 are shown in Figure 15 , while the abundances are given in Table  10 . The comparison literature abundances are also shown in Table 10. These literature abundances were determined with both the 6154/6160 and 5682/5688Å lines (and occasionally also the Na D lines). In the case of M3, M13, and NGC 7006, the literature abundances have not had NLTE corrections, while some of the M15 stars did have NLTE corrections. The M3/M13 literature abundances are from 36 and 60 stars from the base of the RGB, up to the tip of the RGB, while the NGC 7006 literature abundances are only from six tip of the RGB stars. M15's literature abundances are mainly from more evolved stars (e.g. RGB, HB, and AGB stars).
While M13 and NGC 7006's ILS abundances are in good agreement with the literature averages, the IL Na abundance in M3 is quite a bit higher than the average literature value. The 6160Å line is not well-resolved in the M15 ILS, and hence provides only an upper limit. The 6154Å line in M15, however, provides a larger Na abundance than the literature average. Again, these discrepancies with the literature averages are results of the intercluster Na variations, which vary from −0.6
[Na/Fe] 2 (Sneden et al. 1997; Preston et al. 2006 ).
Eu II 6645Å line
The weak 6645Å Eu II feature is commonly synthesized in spectroscopic analyses, since it provides important constraints on contributions from the r-(rapid) neutron capture process. 
Eu in 47 Tuc: The Minimal and VALD Line Lists
The 47 Tuc syntheses with the Minimal and VALD Lists are shown in Figure 16 . There appear to be fewer lines in this region, making it easier to identify the continuum level. Altogether, the errors in the abundances are ± 0.17 and ± 0.15 for the Minimal List and the VALD RGB List, respectively.
Eu in 47 Tuc: The Final Line List
With the Final Line List, syntheses of the Eu II line in the Solar, Arcturus, and 47 Tuc spectra are shown in Figures 16 and 18 . HFS and isotopic components for the Eu II line are included, using the data from Lawler et al. (2001) -these corrections alter the shape of the line slightly, but have a negligible effect on its equivalent width. There are several other lines with HFS components in the region of the Eu II line which are not included. As discussed earlier, CN molecular lines are present throughout the region around the 6645Å Eu II line. For the Solar syntheses the C and N abundances from Asplund et al. (2009) are used, while scaled-Solar C and N abundances are adopted for Arcturus. For 47 Tuc it is less clear which C and N abundances to use. The effects of dredge-up in RGB stars (e.g. C depletion and N enhancement; Lambert & Ries 1981) are likely to influence the integrated light abundance. In addition, all the stars in 47 Tuc show a wellestablished CN bimodality, from the RGB (e.g. Briley 1997) down to the main sequence (e.g. Briley et al. 2004) . To determine the extent to which the input C and N abundances affect the ILS results, spectrum syntheses were performed with the extreme values deter- The 47 Tuc spectrum syntheses with different carbon abundances are presented in Figure 17 . All syntheses were vertically shifted to fit the continuum regions, and the Eu II abundances were re-derived to best fit the line profile. The differences in the strengths of the CN lines are quite striking-in general the CN-weak case (in blue, i.e. the higher carbon abundance) has stronger spectral lines than the CN-strong case (in cyan). The unfortunate presence of a blended CN line redward of the Eu II line makes the Eu abundance particularly sensitive to the input C abundance. In order to force the CN-weak syntheses to best match the observed line profile, a Eu II abundance that is ∼ 0.2 dex lower than the CN-strong case must be adopted. However, if the carbon abundance is treated as a free parameter, and is determined by fitting the CN lines in the region (the magenta line in Figure 17 ), the systematic errors in abundance can be reduced.
The Final Line List spectrum synthesis abundances are shown in Table 10 , along with the literature averages. The Solar value is slightly lower than the Asplund et al. (2009) value. The Arcturus abundance again agrees with the average literature value. The 47 Tuc ILS [Eu/Fe] value is higher than MB08's [Eu/Fe] = 0.04, which is based on an equivalent width analysis with the same spectrum; measurements of this weak line may be more difficult than originally realized. The syntheses presented here show that the width of the synthesized line is wider than the observed feature (see Figure 18 ), indicating that noise may have distorted the shape of the Eu II line. In this case, the spectrum syntheses, with a fixed FWHM broadening parameter, will do a better job of fitting the true line profile.
The IL Eu abundance in 47 Tuc is slightly higher than the average literature value, though the values do agree within the errors. has significantly improved with the use of the Final Line List, with the error decreasing to 0.10 from 0.18 and 0.15 for the Minimal and VALD Lists, respectively. The spectrum synthesis technique has also improved the accuracy of the derived abundance, as compared to the EW analysis.
Eu in the Other GCs
The syntheses of the Eu II line in the ILS of the other GCs are shown in Figure 19 , and the abundances are given in Table 10 . The input carbon abundances is less important for these GCs, since the CN lines are weaker. Table 10 shows that these clusters are all enhanced in Eu, and that these enhancements are considerably greater than the literature averages. However, these literature averages do not reflect the Eu variations that exist within the clusters. Roederer (2011) (Kraft et al. 1998 ). All of the integrated light synthesis-based abundances fall at the upper end of the literature ranges, again suggesting that the ILS-derived abundance is dominated by the most Eu-rich stars in the GCs. 
DISCUSSION
Section 4 presented spectrum syntheses of high-resolution ILS of the five Galactic GCs 47 Tuc, M3, M13, NGC 7006, and M15, clusters which cover a wide range in metallicity (from [Fe/H] ≈ −0.7 to −2.4) and HB morphology. This Section presents a discussion of the important findings from these syntheses.
The Nature of Integrated Light Spectrum Syntheses
The results from Section 4 clearly show that determining abundances from spectrum syntheses of ILS is more difficult than with individual, resolved stars. The severe blends in an ILS make fitting individual lines and identifying the continuum level difficult.
Comparisons between the individual Solar/Arcturus spectra and the 47 Tuc ILS clearly show that 47 Tuc does not have "traditional" continuum regions (i.e. regions that are free of any spectral lines)-even the most featureless regions in the 47 Tuc spectrum are blends of continuum and weak absorption features. This is particularly evident in Figure 20 , which shows syntheses of the 6154/6160Å Na I lines in the 47 Tuc ILS; both the unbroadened and broadened (by the velocity dispersion and instrumental broadening) spectra are shown. In this crowded region, the broadened spectrum never reaches the continuum level of the unbroadened spectrum. Thus, even the basic step of fitting the continuum level requires some a priori knowledge of the weak lines that are involved in the blending, and the abundances of the elements that cause those spectral lines. This once again illustrates the importance of having a complete and calibrated input line list. Despite this concern, the uncertainties in continuum placement introduced by blended weak features may not be significant in all cases. The target GCs are all more metal-poor than the Sun and Arcturus, suggesting that fewer spectral lines are present throughout the GC spectra. The cluster velocity dispersion, which blends the lines together, also makes the weak lines weaker. Even if the lines are present and are strong enough to influence the continuum, the lines in the Final Line List have been calibrated to the Sun and Arcturus, meaning that once the integrated light abundances of the elements with the most lines (e.g., Fe, Ca, Ti, and Ni) have been determined (e.g., through an EW analysis), the synthesized lines should match the observed ones. Thus, the well-calibrated strong lines from these well-known elements may also be used to fit the continuum. Ultimately, however, this problem is unavoidable in integrated light spectrum syntheses, and continuum level uncertainty should be considered as an important source of uncertainty in the integrated light abundances.
Comparisons with Literature Abundances
As is clear from the abundances presented in Section 4, caution must be taken when comparing ILS abundances to average literature values. The ILS abundances do not represent average cluster abundances. The stellar contributions to an ILS are flux-weighted, meaning that the brightest RGB, AGB, and post-AGB stars contribute the most light to the observed spectrum (and therefore have more influence on a line's shape and strength). Furthermore, the contributions to individual line strengths can also depend on line properties (e.g. ionization state, excitation potential, etc.; see Figure 9 in MB08) . For elements that are not expected to vary significantly between stars in a given cluster (e.g. Fe), these effects will be unimportant (assuming the population is properly modeled). For elements that are expected to vary (such as Mg, Na, and Eu), the observed line strengths will also depend on the abundance spreads in the stars that dominated the light. The literature averages will also depend on the number and types of stars observed. It is important to consider these effects when comparing with literature abundances.
Flux-weighted literature averages may help with comparisons with ILS abundances, but this requires a reasonably complete sample of stars that are selected only from the observed regions.
For elements with star-to-star variations within a GC, such as Mg, Na, and Eu, it is therefore more instructive to consider the observed literature ranges, especially those observed among the brightest evolved stars that dominate the integrated light. These ranges will reflect any star-to-star abundance variations, whether due to effects that may occur up the RGB (e.g. mixing, Korn et al. 2007) or as a result of separate populations throughout the cluster. With this caveat in mind, the ILABUNDS spectrum synthesis method presented here provides accurate abundances that fall within the ranges of literature abundances from individual stars. Briley et al. 2004 ). The syntheses have been vertically shifted to fit the continuum, and the Eu abundances were then altered to best fit the Eu II 6645Å line. The Eu abundances differ by nearly 0.2 dex as a result of the differing input carbon abundances. The magenta line shows the synthesis with the best-fitting carbon abundance, as determined by fitting all the CN lines in the region; this case yields a Eu abundance similar to the CN-strong case.
The Chemical Signatures of Multiple Populations?
As standard Galactic GCs, 47 Tuc, M3, M13, NGC 7006, and M15 all show signs of multiple populations (under the definition of multiple populations as "synonymous with 'multiple generations of stars' that can be distinguished either from their spectra or from multiple sequences in the colour magnitude diagram;" Gratton et al. 2012) . These multiple populations are often distinguished through star-to-star C, N, O, Na, Mg, and Al abundance variations (e.g. Carretta et al. 2009 ). These abundance variations are known to affect certain features in lower resolution ILS (e.g. Coelho et al. 2011 find that the Ca 4227, G4300, CN1, CN2, and NaD Lick indices are all affected by the second generation abundance differences). The high-resolution integrated light Na and Mg abundances presented here are therefore likely affected by these multiple populations within the GCs. The abundance trends from the syntheses are generally qualitatively similar among the GCs. With the exception of M15, the GCs are all found to be Mg-enhanced in their integrated light, as compared to the Sun. Similarly, all GCs were found to be Naenhanced. The magnitudes of these enhancements vary between the clusters. For example, 47 Tuc has the highest integrated light Mg enhancement and a moderate integrated light Na enhancement, while M15 shows Mg depletion and a much stronger Na enhancement. These findings qualitatively agree with the Na and Mg starto-star variations in Galactic GCs, and suggest that in the observed regions, stars from different populations may be dominating the integrated light in these clusters (e.g. "normal" stars may dominate the 47 Tuc light, while more "second generation" Na-rich/Mgpoor stars may dominate the M15 integrated light). This is likely a stochastic effect, and the integrated light abundances will likely depend on the area observed in the ILS. More theoretical work with multiple populations must be done in order to understand exactly how these effects will alter the integrated light abundances.
The Effects of Horizontal Branch Morphology
Metallicity variations alone cannot explain differences in HB morphologies in Galactic GCs (e.g. Sandage & Wildey 1967) . Thus, there must be at least a second parameter governing HB morphology, such as age, although other factors are expected to contribute to differences in HB morphology (Dotter et al. 2010; Gratton et al. 2010) . Because the physical causes behind HB morphology are not well understood, HB stars cannot be accurately modeled for all cluster types a priori. This means that for a given GC, the temperatures and surface gravities of the synthesized HB stars may not be accurate. In addition, uncertain physical processes (e.g. radiative levitation; Michaud et al. 2008 ) can lead to abundance anomalies in hot HB stars (e.g. Fe; Lovisi et al. 2012) , which complicates their contributions to the ILS.
15 Although HB stars do not contribute much of the optical light in Galactic GCs (Schiavon et al. 2002) and although HB morphology does not have a drastic effect on the integrated optical colors of GCs (Smith & Strader 2007) , certain spectral lines may be affected (i.e. those affected by hot stars, e.g. the Balmer lines, Schiavon et al. 2004 ; or partially ionized lines, MB08). Colucci et al. (2009) found that manually adding in blue HB stars did not significantly change the age and Fe estimates for M31 GCs, but the effects on spectrum syntheses have not yet been investigated.
The ILS and HST observations of the second parameter triad M3, M13, and NGC 7006 provide a unique opportunity to test the effects of HB morphology on synthetic spectra. If these Galactic clusters were unresolved, their HB morphologies would not be known a priori-the adopted models might synthesize HBs that are bluer or redder than the real HB. With resolved photometry, the HB morphology of one of these second parameter clusters, M3, is deliberately mis-modeled (using the HB photometry from the other second parameter clusters). The effects of an improperly modeled HB on the spectrum syntheses of Mg, Na, and Eu can then be tested directly. The effects of a purely red HB can also be investigated, by putting all the HB stars into the reddest HB box. In all cases the total number of HB stars is preserved.
The resulting abundance changes are shown in Table 11 . The abundance differences are quite small, in all cases; in particular, the abundance differences between the syntheses with M3's HB and NGC 7006's HB are insignificant. The largest abundance differences occur for the synthesis of the 5528Å Mg I line with the purely red HB, though the other lines show much smaller abundance differences with the reddest HB. In general, the differences with a HB that is too blue are all insignificant (with ∆ log ǫ 0.03). Though the resulting abundance changes are small, the effects are not isolated to the lines of interest. A different HB morphology affects lines throughout the spectrum, as shown in Figure  21 . All lines in the region around the 5711Å line, including the Fe lines, are affected by the HB morphology, which can affect the continuum placement. In this spectral region, the continuum changes are < 1%, which causes a negligible error in abundance. However, this test shows that some spectral lines and regions are more sensitive to the HB morphology than others, even at red wavelengths, since the blue HB stars add continuum flux. At bluer wavelengths the blue HB stars are likely to have an even stronger effect.
CONCLUSIONS
This work has introduced a high resolution integrated light spectrum synthesis technique, and has applied the method to five Galactic globular clusters over a wide range of metallicities and HB morphologies. Previous high-resolution ILS analyses were either only equivalent width analyses (e.g. MB08) or adopted different spectrum syntheses methods (e.g. Colucci et al. 2009 ). The spectrum synthesis method introduced here is fully consistent with the MB08 equivalent width technique, and is capable of reproducing the integrated abundances of 47 Tuc, as derived from an equivalent width analysis.
In particular, this work has produced the following key findings: The differences in abundance are with respect to the original synthesis, with M3's true HB stars. Three cases are considered: M3 with M13's HB, M3 with NGC 7006's HB, and M3 with a purely red HB. Lines throughout the region are affect by the HB morphology, which could influence continuum placement and line profile fitting.
• Spectrum syntheses of GC ILS can yield abundances with ∼ 0.1 dex precision, comparable to the accuracy obtained with high quality spectral analyses of individual stars. To achieve this level of precision, attention must be given to the completeness of the input line list, which needs to be calibrated, e.g., to the Solar and Arcturus spectra. Molecular features do affect spectral lines of interest and the continuum determinations, and need to be included in the syntheses.
• The abundances determined here from the ILS of 47 Tuc, M3, M13, NGC 7006, and M15 fall within the abundance ranges in the literature from individual cluster member stars.
• The integrated light abundances may not represent the average cluster abundances in the literature, due to star-to-star abundance variations within each GC. The signatures of star-to-star abundance variations in Mg, Na, and Eu seem to be evident in the integrated light abundances of all the target GCs.
• HB morphology has only a negligible effect on the final Mg, Na, and Eu abundances from syntheses of the four spectral regions investigated here. Composition changes in the hottest stars, e.g., from radiative levitation, and rotational variations have a negligible effect on the abundances from these lines.
This work shows that high resolution ILS analyses can be used to determine precise elemental abundances in GCs, at least for certain lines of Mg, Na, and Eu, when the spectral line list is carefully considered. This method works over the observed range of metallicities and HB morphologies found in the target Galactic GCs.
